An updated statistical scheme for forecasting seasonal tropical cyclone activity in the Atlantic basin by 1 December of the previous year is presented. Previous research by Gray and colleagues at Colorado State University showed that a statistical forecast issued on 1 December of the previous year could explain up to about 50% of the jackknife hindcast variance for the 1950-90 time period. Predictors utilized in the original forecast scheme included a forward extrapolation of the quasi-biennial oscillation (QBO) and two measures of West African rainfall. This forecast has been issued since 1991 but has shown little skill because of the as yet unexplained failure of the West African rainfall predictors during the 1990s.
Introduction
The Atlantic basin (the Atlantic Ocean north of the equator, the Caribbean Sea, and the Gulf of Mexico) has more year-to-year variability in tropical cyclone (TC) activity than any other hurricane region. For example, there were 12 hurricanes in 1969 and 11 hurricanes in 1995, but only 2 hurricanes formed in 1982. Intense hurricanes (category 3-4-5 on the Saffir-Simpson scale) also vary considerably from year to year. Seven intense hurricanes developed in 1950, whereas no intense hurricanes formed in 1962, 1968, 1972, 1986, and 1994 . These examples illustrate the considerable differences in Atlantic hurricane activity that occur on a year-to-year basis. Gray (1984a,b) was the first to propose that largescale features could be used to predict Atlantic basin seasonal hurricane activity. The original predictors involved the state of two global modes: El Niño-Southern Oscillation (ENSO) and the quasi-biennial oscillation (QBO). In addition, regional Caribbean Basin sea level pressure anomalies were included in the original scheme. Cool ENSO conditions, west-phase QBO conditions, and low sea level pressures in the Caribbean Basin were all associated with increased Atlantic basin tropical cyclone activity. Forecasts for the current year's hurricane season were issued in early June and early August between 1984 and 1991. Extended-range seasonal forecasts were issued beginning in 1992 with the development of a long-range statistical forecast of Atlantic basin seasonal hurricane activity. Gray et al. (1992a) found that cross-validated hindcast skill explaining approximately 50% of the variance in Atlantic basin tropical cyclone activity could be obtained based on the 1950-90 time period. This first-ever 1 December forecast utilized predictors involving West African rainfall and the QBO. They extrapolated the QBO 10 months into the future to estimate the wind strength at 30 mb, 50 mb, and the shear between these levels for the following September. Rainfall in the western Sahel during August-September of the previous year and rainfall in the Gulf of Guinea during August-November of the previous year was utilized as African rainfall predictors.
Years that were in the west phase of the QBO were found to have many more intense hurricanes. Gray et (1992a) hypothesized that lower-stratospheric wind ventilation was reduced during west-phase years. In addition, the west phase of the QBO has been shown to enhance off-equatorial convection, while equatorial convection is favored in east QBO years (Gray et al. 1992b; Knaff 1993) . Since hurricanes do not form within 5Њ of the equator, off-equatorial convection is more favorable for African easterly waves developing into tropical cyclones. The West African rainfall-tropical cyclone relationship was largely based on persistence. Wet years in the Sahel are usually followed by wet years and vice versa. Landsea and Gray (1992) hypothesized that enhanced rainfall in West Africa during the prior year contributed to a strong monsoon the following year through feedbacks from both soil moisture and evapotranspiration. Increased West African rainfall during a particular year indicates that the 200-mb tropical easterly jet is likely stronger than normal and that the easterly waves moving off the coast of Africa are more likely to be stronger than normal. Additional predictors were added to the early December statistical forecast scheme since the original methodology was established. These included the strength of the Azores ridge and several measures of ENSO (Gray et al. 2000) . Strong high pressure near the Azores enhances trade winds and consequently increases upwelling over the tropical Atlantic. Cooler sea surface temperatures are often associated with higher pressure the following spring, which provides a self-enhancing feedback that keeps the trade winds stronger the following spring and summer. Stronger trades are associated with increased vertical wind shear, providing less favorable conditions for development.
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Warm ENSO conditions have been well documented to shift the center of convection in the Pacific eastward and consequently alter the Walker circulation. Outflow from this altered Walker circulation manifests itself in westerly anomalies at upper levels in the western tropical Atlantic. Westerly anomalies enhance tropospheric vertical wind shear in the tropical Atlantic (Gray 1984a; Goldenberg and Shapiro 1996) and consequently inhibit development of intense low-latitude Atlantic basin hurricane activity. These additional predictors added to the hindcast variance explained, but the addition of these predictors did not add skill to the real-time forecasts issued during the 1990s. The recent decade failure of this earlier statistical forecast is largely attributed to the failure of the African rainfall and Atlantic hurricane relationship. Although tropical cyclone activity has increased dramatically since 1994, West Africa has continued to report drought conditions typical of inactive hurricane seasons. At this point, we are not sure if this is a real meteorological change or an artifact of station measurement quality and other factors. Table 1 displays the early-December forecast of hurricane days and hurricane destruction potential (HDP) for 1992-2002 compared to what was observed. Although jackknife hindcast skill for 1950-90 suggested that about 50% of the variance could be explained in real-time forecasts, only 3%-7% of the variance has been explained for hurricane days and HDP since the implementation of this scheme in December 1991. This has been the primary motivation for the research presented in this paper.
The recently completed National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis (Kalnay et al. 1996) provides a wealth of global data for analyzing possible predictors for forecasting Atlantic basin tropical cyclones. Reanalysis data provide daily and monthly data worldwide for many variables, including geopotential height, zonal wind, and sea level pressure. An initial inspection of these reanalysis fields indicated that similar hindcast skill to the original forecast methodology could be obtained with a longer 52-yr dataset Year  NS  NSD  H  HD  IH  IHD  HDP  NTC  TONS  TOH   1950  1951  1952  1953  1954  1955  1956  1957  1958  1959   13  10  7  14  11  12  8  8 . In addition, the model utilized to compute the reanalysis data was frozen at the time of the calculations, and therefore so-called climate shifts that are observed to occur when models incorporate new physics are not a factor in the reanalysis.
The focus of this paper now turns to improving the early-December statistical forecast for the following year's tropical cyclone activity in the Atlantic. Section 2 looks at the climatology of a typical hurricane season from 1950-2002, and section 3 elucidates the meth-
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Seasonal climatology
The Atlantic basin tropical cyclone season officially runs from 1 June to 30 November, and during this time an average of 9.6 named storms, 5.9 hurricanes, and 2.3 intense hurricanes occur, based on a 1950-2000 climatology. Although the Atlantic hurricane season lasts for 6 months, 95% of all intense tropical cyclones occur between August and October (Landsea 1993) . Table 2 displays seasonal tropical cyclone statistics from 1950-2002 according to the Atlantic ''best track'' dataset from the National Hurricane Center. Definitions of the acronyms used in the table are listed in the appendix. A parameter that will be frequently used throughout the rest of this paper is net tropical cyclone (NTC) activity. NTC is an aggregate measure of the following six parameters normalized by their climatological averages: named storms (NS), named storm days (NSD), hurricanes (H), hurricane days (HD), intense hurricanes (IH), and intense hurricane days (IHD). Average annual NTC is 100 by definition. Intense hurricanes prior to 1970 were required to have reached an intensity of 105 kt (versus 100 kt after 1970) due to the overestimation bias discussed in . Figure 1 displays the NTC activity by month. September is the most active month of an average season followed by August and then October.
Tropical-only named storms (TONS) and tropicalonly hurricanes (TOH) are listed in the final two columns of Table 2 . Classification of hurricanes as tropicalonly hurricanes was discussed in extensive detail in Hess et al. (1995) and Elsner et al. (1996) . In general, tropicalonly hurricanes develop south of 25ЊN and originate from Africa-spawned easterly waves. Tropical-only named storms have a similar definition, and their classification is detailed in Blake (2002) . Storms that de- Relationships between individual tropical cyclone parameters are shown in a cross-correlation matrix (Table  4) . Although there are strong interrelationships between most hurricane parameters, some do not cross correlate as strongly. For example, a perfect knowledge of the number of named storms explains less than 25% of the variance in intense hurricane days. Therefore, it is not surprising that a different group of predictors is used to forecast these two tropical cyclone parameters.
Methodology
The early-December statistical forecast scheme attempts to maximize the hindcast skill in forecasting tropical cyclone activity based on the time period 1950-2001. Hindcasting involves selecting predictors that were useful in forecasting tropical cyclone activity during the period being hindcast. The forecast model operates on the premise that predictors that hindcast tropical cyclone activity accurately in the past will also be useful for forecasting tropical cyclone activity in the future. The process of obtaining predictors began by seeing what the September-November period looked like in the year prior to an active or inactive year. As mentioned previously, NCEP-NCAR reanalysis data was used as the primary dataset, and composites were constructed using the Climate Diagnostic Center's ''Monthly/Seasonal Climate Composites'' Web page (http://www.cdc.noaa.gov/cgi-bin/Composites/ printpage.p1). September, October, and November were composited individually and grouped together to see what atmospheric and oceanic features prevailed in the years prior to the 10 most active and 10 most inactive years. NTC was the tropical cyclone parameter utilized to classify years. Several features that became evident from the composite maps were anomalously high heights in northern latitudes, indicating a negative Arctic Oscillation (AO) (Thompson and Wallace 1998) and North Atlantic Oscillation (NAO) (van Loon and Rogers 1978) and a midlatitude wave train pattern closely resembling a positive and slightly eastward-shifted Pacific-North American pattern (PNA) (Wallace and Gutzler 1981) . A positive PNA is a typical wintertime midlatitude teleconnection associated with warm ENSO conditions (Horel and Wallace 1981) , and the eastward shift of the PNA is likely due to an eastward shift of sea surface temperature anomalies from the central to the east Pacific. A wave train propagates poleward and eastward from an area of thermal forcing (Hoskins and Karoly 1981) , and therefore, if the warmest temperature anomalies were located in the eastern Pacific, the Pacific North American pattern would also be shifted eastward. In general, warm temperatures in the east Pacific are more unstable than in the central Pacific and are therefore more likely to shift back to neutral or cool conditions the following year.
The primary tool used in selecting predictors was the Climate Diagnostic Center's ''Linear Correlations'' Web page (http://www.cdc.noaa.gov/Correlation) which allowed for testing correlations between global data fields and TC activity time series created by the user, such as NTC. Correlations between atmospheric data fields and Atlantic basin tropical cyclone activity indices were calculated. Figure 2 shows the correlation between the following year's NTC and November sea level pressure. Other predictors in the scheme were selected utilizing a residual. For this, one or two predictors already in the forecast model were used to predict the TC variable in question, for example, NTC. The difference between actual value minus hindcast value for each year was considered the hindcast error, and a time series of these hindcast errors was created. Correlation maps between these residual time series and global atmospheric and oceanic features were then constructed to see if there were any large-scale areas that correlated strongly with both the residual and the predictand itself. September 500-mb geopotential height over the western United States and the QBO predictor were selected based on the residual approach. In addition, all predictors selected were required to span an area no less than 10Њ by 20Њ in extent to avoid local ''bull's-eye'' features that are prevalent on some of the correlation maps.
Results
Nineteen predictors were evaluated for potential forecasting ability, and six predictors spanning various portions of the globe were selected to forecast Atlantic basin tropical cyclones using the methodology outlined in the previous section. Predictors utilize zonal wind, sea level pressure, or geopotential height data that are defined in Kalnay et al. (1996) to be reanalysis ''A'' variables. These variables are primarily observationdriven and are therefore considered to be the most accurate in the reanalysis dataset. Table 5 Table 6 . Jackknife or cross-validated variance explained is calculated utilizing the technique outlined in Elsner and Schmertmann (1994) . This methodology examines how well a year can be predicted using data that are independent of the year being forecast. Each of the 52 years in the dataset were predicted utilizing an equation developed on the remaining 51 yr of data. For example, a forecast for 1950 would be based on an equation developed on the years 1951-2001. Jackknifed hindcast skill gives a more accurate representation of actual forecast conditions and is often considered to be an upper bound on how much variance will likely be explained by the scheme when forecasts are issued in real time.
More intense tropical cyclone parameters tended to be better forecast than parameters dealing with weaker systems. For example, there was a nearly 30% better cross-validated hindcast variance explained for intense hurricanes compared to named storms. This result is to be expected since weaker systems often form from higher-latitude baroclinically generated disturbances that are impossible to predict months in advance, such as frontal boundaries or cold lows. Also, there are more observational problems in determining the intensity of the weaker systems.
Predictors were selected using an all-subset technique similar to that used in Klotzbach and Gray (2003) . This procedure is different from stepwise regression in that it selects the best one predictor, the best two predictors, etc., up to the best five predictors for each tropical cyclone variable or until the jackknifed hindcast skill no longer increases. No more than five predictors were selected for each TC parameter to avoid statistical overfitting of the data. An ordinary least squares multiple regression technique was utilized for most predictands, but a Poisson regression model was utilized for tropical cyclone predictands that frequently have small integer values, as suggested by Elsner and Schmertmann (1993) . Please refer to the above paper for a more complete description of the Poisson model. For the seasonal forecast, a Poisson model was implemented for IH, Table 7 displays actual NTC, cross-validated hindcast NTC, hindcast error, and the error assuming a climatological forecast of 100 NTC for each year. As one can see from Table 7 , there is about a 27% reduction in the average residual utilizing the statistical forecast over climatology.
A more powerful case for the importance of this statistical forecast can be seen when examining years with much above-average and much below-average NTC values. For example, as can be seen in Table 8 , for the 15 years with the lowest observed NTC (Ͻ65 units), the cross-validated statistical hindcast was more successful than a climatological NTC forecast of 100 in 12 out of 15 years. Likewise, for the 15 years with the highest observed NTC (Ͼ125 units), the cross-validated statistical hindcast was more accurate than a forecast of cli- (Table 9 ). In the 15 years with the lowest cross-validated hindcast NTC (Ͻ75 units), the hindcast was a better forecast than climatology in 11 out of 15 years, and in all 15 years, observed NTC was below average. For the 15 years with the highest crossvalidated hindcast NTC (Ͼ122 units), the hindcast was a better forecast than climatology in 10 out of 15 years, and in 13 out of 15 years, observed NTC was above average. These examples serve to illustrate that, although the hindcast showed little skill in average years (years with small deviations from climatology), in years with large deviations from climatology, the hindcast was a better forecast than climatology over 80% of the time and was able to determine the right direction from climatology nearly 95% of the time. These results are es- pecially impressive considering that the hindcast was issued 6 months before the beginning of the hurricane season. Table 10 examines the improvement of the new statistical forecast over the old statistical forecast for the years 1992-2002. The old statistical forecast was developed on hindcast data from 1950-90 and was first issued operationally in December 1991, but, although the scheme showed significant skill in hindcast mode, it has shown little skill in forecast mode. For this comparison, the forecasts for the new scheme were also developed on the hindcast years of 1950-90. The new scheme explains approximately the same amount of variance during the 1992-2002 period as it did during the hindcast period compared with the complete failure of the earlier scheme during this same period. The average residual was reduced by about 30%-35% for hurricane days and HDP when using the new statistical scheme over the 1992-2002 period. Table 11 displays a cross-correlation matrix between all predictors in the early December statistical forecast scheme. All correlations are below r ϭ | 0.3 | except for the relationship between the Gulf of Alaska OctoberNovember sea level pressure (SLP) and the November SLP in the tropical northeast Pacific. According to a two-tailed Student's t test, 95% and 99% significance levels of interrelationships between predictors are 0.28 and 0.36, respectively. Obtaining predictors that are mostly uncorrelated with each other is valuable in that each predictor provides mostly independent information from the other predictors in the scheme.
Physical links between predictors and seasonal tropical cyclone activity in the Atlantic basin
Many of the predictors selected for forecasting the following year's tropical cyclone activity were not previously known to be related to current or future hurricane activity in the Atlantic basin; however, in combination with the other predictors in the forecast scheme, they were able to explain 46% of the cross-validated hindcast variance in Atlantic basin NTC activity 6-11 months in advance. One would not have expected the atmosphere-ocean to have such a long-term memory for the frequency of mesoscale events.
One way to better understand the predictors in the 
a. Predictor 1: November 500-mb geopotential height in the far North Atlantic (67.5Њ-85ЊN, 10ЊE-50ЊW) (ϩ)
Positive values of this predictor correlate very strongly (r ϭ Ϫ0.7) with negative values of the AO and the NAO. Negative AO and NAO values imply more ridging in the central Atlantic and a warm North Atlantic Ocean (50Њ-60ЊN, 10Њ-50ЊW) due to stronger southerly winds during this period. Also, on decadal time scales, weaker zonal winds in the subpolar areas (40Њ-60ЊN, 0Њ-60ЊW) across the Atlantic are indicative of a relatively strong thermohaline circulation. The change in strength of the zonal winds at 500 mb from the period inferred to have an active thermohaline circulation from the period inferred to have a weak thermohaline circulation (1970-94) was found to be statistically significant at the 99% level. Also, positive values of this November index (higher heights, weaker midlatitude zonal winds) are correlated with weaker tropical Atlantic 200-mb westerly winds and weaker trade winds the following August-October. The associated reduced tropospheric vertical wind shear enhances TC development. Other following summer-early fall features that are directly correlated with this predictor are low sea level pressure in the Caribbean and a warm North and tropical Atlantic. Both of the latter are hurricane-enhancing factors.
b. Predictor 2: October-November SLP in the Gulf of Alaska (45Њ-65ЊN, 120Њ-160ЊW) (Ϫ)
Negative values of this predictor are strongly correlated with a positive ''Alaskan pattern'' (Renwick and Wallace 1996) as well as a slightly eastward-shifted positive PNA, which implies reduced ridging over the central Pacific with increased heights over the western United States. The negative mode of this predictor is typically associated with warm-current eastern Pacific equatorial SST conditions and a mature warm ENSO event. Low sea level pressure is observed to occur in the Gulf of Alaska with a decaying El Niño event, and anomalously high pressure is observed with a weakening La Niña event (Larkin and Harrison 2002) . Negative values of this predictor indicate a likely change to cool ENSO conditions the following year. Cool ENSO conditions enhance Atlantic hurricane activity. (Horel and Wallace 1981) . Therefore, cooler ENSO conditions are likely during the following year. Significant lag correlations exist between this predictor and enhanced 200-mb geopotential height anomalies in the subtropics during the following summer. Higher heights in the subtropics reduce the height gradient between the deep Tropics and subtropics, resulting in easterly anomalies at 200 mb throughout the tropical Atlantic during the following summer. Easterly anomalies at 200 mb provide a strong enhancing factor for tropical cyclone activity.
d. Predictor 4: July 50-mb equatorial zonal wind (5ЊS-5ЊN, all longitudes) (Ϫ)
Easterly anomalies of the QBO during the previous July indicate that the QBO will likely be in the west phase during the following year's hurricane season. According to Gray et al. (1992a) , the average half-period of the QBO lasts approximately 14 months (average period 28-29 months). The QBO should therefore be of opposite sign during the following year's August-October period. The west phase of the QBO has been shown to provide favorable conditions for the development of hurricanes in the deep Tropics, as discussed by Shapiro (1989) and Gray et al. (1992a Gray et al. ( , 1993 Gray et al. ( , 1994 . Hypothetical mechanisms for how the QBO affects hurricanes are as follows: (a) Atlantic TC activity is inhibited during easterly phases of the QBO due to enhanced lower-stratospheric wind ventilation and increased upper-troposphere-lower-stratosphere wind shear; (b) the east phase of the QBO favors equatorial convection (0Њ-10ЊN), and the west phase of the QBO favors higher-latitude convection (10Њ-20ЊN), which is more favorable for TC development; and (c) the west phase of the QBO has a slower relative wind (advective wind relative to the moving system) than does the east phase (Gray and Sheaffer 1991) . This allows for greater coupling between the lower stratosphere and the troposphere, which is an enhancing factor for Atlantic basin tropical cyclone activity.
e. Predictor 5: September-November SLP in the Gulf of Mexico-southeastern United States (15Њ-35ЊN, 75Њ-95ЊW) (Ϫ)
Low pressure in this area during September-November correlates quite strongly with a current positive phase of the PNA. As was stated earlier, the PNA is usually positive in the final year of an El Niño event, and therefore cooler ENSO conditions are likely the following year (Horel and Wallace 1981) . This feature is strongly negatively correlated (r ϳ Ϫ0.5) with the following year's August-September sea level pressure in the tropical and subtropical Atlantic. August-September SLP in the tropical Atlantic is one of the most important predictors for seasonal activity; that is, lowerthan-normal sea level pressure is favorable for more TC activity. Easterly anomalies at 200 mb are also typical during the following year's August-October period, with low values of this predictor.
f. Predictor 6: November SLP in the tropical northeast Pacific (7.5Њ-22.5ЊN, 125Њ-175ЊW) (ϩ)
According to Larkin and Harrison (2002) , high pressure in the tropical northeast Pacific appears during most winters preceding the development of a La Niña event. High pressure forces stronger trade winds in the east Pacific, which increases upwelling and helps initiate La Niña conditions, which eventually enhance Atlantic hurricane activity during the following summer. This predictor correlates with low geopotential heights at 500 mb throughout the Tropics the following summer, indicative of a weaker Hadley circulation typical of La Niña conditions. Also, high pressure in November in the tropical northeast Pacific correlates with low sea level pressure in the tropical Atlantic and easterly anomalies at 200 mb during the following August-October period.
The predictors discussed in detail above all relate to one or more of five global modes: the NAO, the AO, the PNA, ENSO, and the QBO. With a knowledge of the current value and a forecast of the future trends in these modes, one can explain up to about half of the variance of the following year's tropical cyclone activity based on 52 yr of hindcast data.
Statistical analysis of predictors
The last section proposed physical linkages between predictors and Atlantic basin tropical cyclone activity. Another method used to add credibility to the forecast scheme is to use objective statistical bootstrap techniques to show that the predictors have statistically significant following-year correlations with tropical cyclone activity over the 52-yr developmental dataset period. One of the most common methods of evaluating statistical significance is to utilize a standard Student's t test. The QBO was expected to relate to Atlantic tropical cyclones (Gray 1984a,b; Shapiro 1989) ; however, all other areas were selected utilizing the correlation and composite analysis. These areas were selected a posteriori; that is, the relationship was not expected prior to the forecast development, and therefore each region must pass a two-tailed test. For all predictors, the actual significance level needed is computed by taking the desired significance level and raising it to the number of potential predictors in the scheme (19 potential predictors). To obtain the 95% significance level, one must calculate the value that when taken to the 19th power will give you 0.95 (Wilks 1995) . Utilizing this information in the t test, the 95% significance level for all predictors except the QBO is 0.43, and the 99% significance level is 0.48. Since the QBO relationship was already expected, the 95% and 99% significance levels for this relationship are reduced to 0.39 and 0.45, respectively. Table 12 displays correlations between all predictors and Atlantic TC parameters. Predictors 1 and 2 show the highest correlation with Atlantic TC activity the following year. Predictors 3 and 4 were selected from the residual analysis, and therefore it is expected that the individual correlations between the predictors and TC parameters are weakest for these features. It should also be noted that the power of this forecasting scheme does not lie simply in the strength of the individual predictors but in the strength of the predictors when used in combination.
A method used to check the statistical significance of the forecast equation as a whole is the Miller equivalent F test (Neumann et al. 1977 ). An ordinary F test would overestimate the statistical significance, since 19 predictors were evaluated for possible use in this scheme. Therefore, to calculate the actual F value needed for statistical significance, the total number of variables must be considered. Therefore, the 99% significance level proposed by Miller is as follows:
where k is the number of predictors screened for use in the forecast. Since 19 predictors were considered, the actual F value needed for 99% significance is F 0.99947 . Another way to evaluate statistical significance is to investigate the stability of the correlations. By evaluating periods of time when the Atlantic thermohaline circulation was strong and when the thermohaline circulation was weak, one can determine if the predictors are stable throughout the period. Two 20-yr periods were selected for the subdivision of the data. From 1950 to 1969, the Atlantic thermohaline circulation was judged to be strong based on a North Atlantic sea surface temperature proxy, and the Atlantic thermohaline circulation was judged to be weak from 1975 to 1994. Warm North Atlantic sea surface temperatures imply a strong thermohaline circulation, while cold North Atlantic sea surface temperatures imply a weak thermohaline circulation. Table 14 displays correlations between predictors and Atlantic TC parameters for both 1950-69 and 1975-94 . In general, correlations were stable throughout both time periods. The two predictors with the most significant correlation changes were the stratospheric QBO predictor and the southeastern U.S. predictor. Since the physical relationship between the QBO and hurricanes has been well documented in the literature (e.g. , Gray 1984a; Shapiro 1989; Gray et al. 1992a Gray et al. , 1993 Gray et al. , 1994 , this predictor will be kept in the predictor pool. The southeastern U.S. predictor will be subjected to a further statistical test to determine its validity in the predictor pool.
An additional test to evaluate the strength of relationships between predictors and Atlantic TC parameters was to evaluate the top 10 and bottom 10 values of each predictor. For example, take the North Atlantic 500-mb geopotential height, and compute a ratio for tropical cyclone activity that occurred during the top 10 versus the bottom 10 of those years. If there was a negative relationship between the predictor and TC activity, the ratio was inverted to allow for easy reference between each predictor-Atlantic TC parameter pair. Table 15 displays the top 10-bottom 10 ratios. Many of the ratios are of greater magnitude than 2:1, indicating significant relationships between the predictor and Atlantic hurricanes.
The Gulf of Mexico-southeastern U.S. predictor, one of the predictors that had a significant change in correlation between the active and inactive thermohaline eras, was subjected to further evaluation. Sea level pressure in this region from July to November of the prior year was correlated with the following year's seasonal NTC value from 1950 to 2001 to see if the negative correlation tended to persist from month to month. Table  16 displays the July-November correlations. All months from July to November show a negative correlation, adding more confidence to the use of the southeastern U.S. area as a predictor. In addition, the eastward-shifted PNA-Atlantic TC relationship discussed in section 5 adds further credence to the selection of this predictor. An eastward-shifted PNA indicates that the warm ENSO conditions are concentrated in the east Pacific. Warmth near the Peruvian coast tends to change from year to year, while warm anomalies near the international date line are much more stable and may persist for several years. Therefore, an El Niño event with warmth in the east Pacific (Niño-1, -2, -3) is much more likely to change to neutral or cool La Niña conditions during the following summer than an El Niño event with warmth concentrated in the central Pacific (Niño-3.4, -4).
U.S. landfall probability forecast
One of the most critical aspects of any tropical cyclone forecast is the issuance of landfall probabilities. Previous work has been conducted on the predictability of landfalling hurricanes (Lehmiller et al. 1997; Bove et al. 1998; Elsner et al. 2000) , but the issuance of landfall probabilities has not been attempted until recently, by Gray et al. (2000) . Although there are only small differences in landfalling tropical storms between individual active and inactive years, there are considerable differences in the number of intense hurricanes that make landfall along the U.S. coastline when one averages 4-5 active years versus 4-5 inactive years. With the upturn in tropical cyclone activity since 1995, the probability of an intense hurricane striking the U.S. coastline has increased accordingly (Goldenberg et al. 2001) . For example, during the 15 years with the largest NTC hindcasts, 13 intense hurricanes made landfall along the U.S. coastline as opposed to only 8 intense hurricanes during the 15 least active years. For the U.S. East Coast, this ratio is 10 to 2. The ratios are even more significant along the U.S. East Coast than for the entire United States. The Gulf Coast-East Coast demarcation location is approximately 50 miles north of Tampa, Florida. Storms that make landfall near Tampa, Fort Myers, and the Florida Keys are considered to be East Coast landfalls. During the 15 highest NTC hindcasts, eight intense hurricanes made landfall along the East Coast as opposed to only three intense hurricanes during the 15 lowest NTC hindcasts, or a ratio difference of 2.67:1.
An additional parameter to aid in issuing landfall probabilities, proposed by Gray et al. (2000) , is defined as SSTA*. SSTA* is a proxy measure of the strength of the Atlantic thermohaline circulation and is a weighted average measure of sea surface temperature anomalies in the region bounded by 50Њ-60ЊN, 10Њ-50ЊW. SSTA* is calculated in the following manner:
where SSTA* is the influence of the North Atlantic (50Њ-60ЊN, 10Њ-50ЊW) SST anomalies on the coming year U.S. tropical cyclone landfall (values are expressed in 10 Ϫ2 ЊC), 6 is the average mean North Atlantic SSTA SST anomaly for the prior 6 yr, 1 is the mean SST SSTA anomaly of the last year, and SSTA 2Ϫ1 is last year's July- November SST anomaly minus last year's January through June anomaly. As one can see from the equation, SSTA* takes into account North Atlantic sea surface temperatures for the past 6 yr with a heavier weight on SSTs during the past year and 6 months, respectively. SSTA* is closely related to the Atlantic multidecadal mode documented in Goldenberg et al. (2001) , whereby a warm Atlantic is positively correlated with more hurricanes and increased likelihood of landfall. The use of the past-6-yr average of North Atlantic sea surface temperatures averages out any smaller year-to-year fluctuations. For example, during the cool Atlantic, inactive hurricane multidecadal mode of 1970-94, the North Atlantic warmed considerably during 1988 and 1989. However, this warming was followed by cooling in the early 1990s. The switch to the warm Atlantic, active hurricane multidecadal mode did not begin until 1995. We have selected the 6-yr mean SST empirically after trying averages of between 3 and 10 yr. A 6-yr average had the best relationship with U.S. landfalling hurricane activity.
When observed SSTA* and hindcast NTC are combined, ratios between active and inactive years become even more significant. There is a greater than 2:1 ratio for hurricanes along the entire U.S. coast and a 3:1 ratio for all hurricanes along the East Coast. During the 15 largest observed values of SSTA* and hindcast NTC, 15 intense hurricanes made landfall along the U.S. coast, while only 7 intense hurricanes made landfall during the 15 smallest values or a ratio of 2.14:1. When considering only the East Coast, 10 intense hurricanes made landfall during the 15 most active years compared to only two intense hurricanes during the 15 smallest values, or a ratio of 5:1. Although forecasting whether a hurricane will make landfall in any year is not possible, definite skill in issuing probability forecasts is available. Tables 17, 18 , and 19 display the top 15-bottom 15 ratios using hindcast NTC and SSTA* compared with observed values of NTC and SSTA* for the entire United States, the Gulf Coast, and the East Coast for named storms, hurricanes, and intense hurricanes. Note that the best ratios are for intense hurricanes along the East Coast of the United States. Table 20 displays landfalling named storms, hurricanes, and intense hurricanes from 1950 to 2000 ranked by cross-validated hindcast NTC and SSTA* and divided into 17-yr segments. Figure 6 displays landfalling hurricanes and intense hurricanes along the East Coast for the 15 largest values and 15 smallest values of cross-validated hindcast NTC and observed SSTA*. There also appears to be some skill in hindcasting named storms along the Gulf Coast, although there is very little difference between active and inactive years for hurricanes and intense hurricanes along the Gulf Coast.
Based on the above discussion, landfall probability equations were developed for named storms, hurricanes, and intense hurricanes along the entire U.S. coastline, the East Coast, and the Gulf Coast. Equations were cal- culated using both hindcast and observed NTC, and the observed NTC equations gave slightly more accurate probability forecasts based on landfalls from 1950 to 2000, and therefore the equations based on observed NTC will be listed here. Each year was ranked by observed NTC and SSTA*, and probabilities of landfall were calculated for each third and fourth of the data. Figure 7 illustrates this process for a probability forecast for intense hurricanes along the entire U.S. coastline. Based on these probabilities, landfalling equations were developed and are listed below. For the U.S. coast: Named storm probability ϭ 96.06 ϩ 0.02(NTC ϩ SSTA*)
Hurricane probability ϭ 72.33 ϩ 0.09(NTC ϩ SSTA*)
Intense hurricane probability
For the Gulf Coast:
Named storm probability ϭ 74.87 ϩ 0.09(NTC ϩ SSTA*)
Hurricane probability ϭ 44.90 ϩ 0.17(NTC ϩ SSTA*)
Intense hurricane probability ϭ 25.32 ϩ 0.06(NTC ϩ SSTA*).
For the East Coast:
Named storm probability ϭ 60.10 ϩ 0.12(NTC ϩ SSTA*)
Hurricane probability ϭ 40.56 ϩ 0.15(NTC ϩ SSTA*)
Intense hurricane probability ϭ 13.84 ϩ 0.10(NTC ϩ SSTA*).
(11) Table 21 shows what landfall probabilities would be for selected values of NTC and SSTA*. These equations will be utilized to issue landfall probabilities with this new early-December statistical forecast.
Future work and conclusions

a. Future work
The early-December statistical forecast hindcast skill over 52 yr of dependent data and the soundness of the physical linkages indicates a strong likelihood that there will be considerable future forecast skill with this scheme. With the currently available NCEP-NCAR reanalysis and the availability of the European Centre for Medium-Range Weather Forecasts (ECMWF) reanalysis in the next few months, the current statistical forecasts utilized to make Atlantic basin hurricane predictions in early April, early June, and early August will also be revised using a similar methodology to that outlined here. The ease of availability of the data and the consistency of the model used to derive the analysis make the reanalysis products a favorable alternative to the time-consuming data acquisition required by the current statistical models for Atlantic hurricane prediction.
As alluded above, the ECMWF is nearing completion of a reanalysis similar to that already done by NCEP-NCAR. Data assimilated into the ECMWF reanalysis model differs somewhat from that assimilated by NCEP-NCAR, and the model used to make the computations is also different. When the ECMWF reanalysis becomes available, we will examine the hindcast skill of our new statistical forecast model to see if there is similar skill using the different reanalysis products. If similar skill is shown, it would provide more confidence that the physical relationships discussed here and the concept of this type of extended-range prediction from hindcast analyses are indeed valid. The development of the reanalysis datasets has provided a valuable tool for individuals interested in forecasting. An accurate forecast of ENSO that improves upon a climatology and persistence forecast is currently unavailable (Landsea and Knaff 2000) , and through composite and correlation research, a somewhat more skillful forecast for ENSO is likely possible.
b. Conclusions
The statistical methodology outlined above demonstrates that considerable skill in forecasting Atlantic basin tropical cyclones nearing 50% of the jackknifed hindcast variance for net tropical cyclone (NTC) activity can be achieved by early December of the previous year. It is surprising that the atmosphere would have such a long memory for the frequency of mesoscale weather systems 6-11 months in advance.
Early December forecasts of Atlantic basin tropical cyclone activity will continue to be issued into the foreseeable future, and the statistical methodology outlined in this paper will be utilized as the primary statistical guidance tool. We expect to make further improvements to this statistical forecast technique with continued research. 
